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FOREWORD 

This final report of the Orbital Transfer Vehicle (OTV) Concept Definition and 
System Analysis Study w a s  prepared by Boeing Aerospace Company for  the National 
Aeronautics and Space Administration's George C. Marshall Space Flight Center in 
accordance with Contract NAS8-36107. The study was  conducted under the direction of 
the NASA OTV Study Manager, Mr. Donald Saxton and ,during the period from August 
1984 t o  September 1986. 

This final report is organized into the following nine documents: 
VOL. I Executive Summary (Rev. A) 
VOL. I1 OTV Concept Definition & Evaluation 

Book 1 - Mission Analysis & System Requirements 
Book 2 - Selected OTV Concept Definition - Phase I 
hook 3 - Configuration and Subsystem Trade Studies 
Book 4 - Operations and Propellant Logistics 

VOL. 111 System & Program Trades 
VOL. IV Space Station Accommodations 
VOL. V WBS & Dictionary 
VOL. VI Cost Estimates 
VOL. VI1 Integrated Technology Development Plan 
VOL. VI11 Environmental Analysis 
VOL. IX Implications of Alternate Mission Models and Launch Vehicles 

The following personnel were key contributors during the  conduct of the  study in 
the disciplines shown: 

Study Manager E. Davis (Phase I-3rd and 4th Quar t e r s  and 
Phase 11) 
D. Andrews (Phase I-1st and 2nd Quarters) 
J. Jordan, J. Hamilton 
D. Parkman, W. Sanders, D. MacWhirter 
W. Patterson, L. Cooper, G. Schmidt 

Mission dc System Analysis 
Configurations 
Propulsion 
Structures M. Musgrove, L. Duvall ,  D. Chr is t ianson ,  

M. Wright 
T. Flynn, R. Savage 
D. Johnson, T. Moser, R.J. Gewin, D. Norvell 

Thermal Control 
Avionics 



Electrical Power 
M a s s  Properties 
Reliability 
Aerothermodynamics 
Aeroguidance 
Aerodynamics 
Perf ormance 
Launch Operations 
Flight Operations 
Propellant Logistics 
Station Accommodations 
Cost & Programmatics 
Documentation Support 

R.J. Gewin 
J. Cannon 
J. Reh 
R. Savage, P. Keller 
J. Bradt 
S. Ferguson 
M. M,artin 
J. Hagen 
J. Jordan, M. Martin 
W. Patterson, L. Cooper, C. Wilkinson 
D. Eder, C. Wilkinson 
D. Hasstedt, J. Kuhn, W. Yukawa 
T. Sanders, S. Becklund 

For further information contact: 
Don Saxton Eldon E. Davis 

NASA MSFC/PF20 
MSFC, AL 35812 

(205) 544-5035 Seattle, WA 98124-2499 

Boeing Aerospace Company. M/S 8C-59 
P.O. Box 3999 

(206) 773-6012 
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1.0 INTRODUCTION 

This section provides a description of the  study in terms of background, objectives, 
issues, organization of study and report, and the  content of this specific volume. 

* Use of trade names, names of manufacturers, or recommendations in this report 
does not constitute an official endorsement, either expressed or implied, by the National 
Aeronautics and Space Administration. 

And finally, it should be recognized that this study w a s  conducted prior t o  the  STS 
safety review tha t  resulted in an STS position of "no Centaur  in Shuttle" and 
subsequently an indication of no plans to accommodate a cryo OTV or OTV propellant 
dumphent. The implications of this decision are briefly addressed in section 2.2 of the 
Volume I and also in Volume IX reporting the Phase I1 effort which had the  OTV 
launched by an unmanned cargo launch vehicle. A full assessment of a sa fe ty  
compatible cry0 OTV launched by the Shuttle will require analysis in a future study. 

1.1 BACKGROUND 
. Access t o  GEO and earth escape capability is currently achieved through the  use of 

partially reusable and expendable launch systems and expendable upper stages. 
Projected mission requirements beyond the mid-1990's indicate durations and payload 
characteristics in terms of mass and nature (manned missions) tha t  will exceed the  
capabilities of the existing upper stage fleet. Equally important as the  physical 
shortfalls is the relatively high cost t o  the payload. Based on STS launch and existing 
upper stages, the  cost of delivering payloads t o  GEO range from $12,000 t o  $24,000 per 
pound. 

A significant step in overcoming the above factors would be the development of a 
new highly efficient upper stage. Numerous studies (ref. 1, 2, 3, 4) have been conducted 
during the past decade concerning the definition of such a stage and its program. The 
scope of these investigations have included a wide variety of system-level issues dealing 
with reusability, the type of propulsion to be used, benefits of aeroassist, ground- and 
space-basing, and impact of the launch system. 

0 

1.2 OBJECTIVES AND ISSUES 
The overall objective of this study was to  re-examine many of these same issues but 

within the framework of the most recent projections in technology readiness, realization 
that a space station is a firm national commitment, and a refinement in mission 

@ projections out t o  2010. 

1 
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a. 
b. 

C. 

d. 

e. 
f. 

g* 

1.3 

During the nineteen-month technical effort the specific issues addressed were: 
What are the driving missions? 
What are the preferred space-based OTV characteristics in terms of propulsion, 
aeroassist, staging, and operability features? 
What are the preferred ground-based OTV characteristics in terms of delivery 
mode, aeroassist, and ability to satisfy the most demanding missions? 
How extensive are  the orbital support systems in terms of propellant logistics and 
space station accommodations? 
Where should the OTV be based? 
How cost effective is a reusable OTV program? 
What are the implications of using advanced launch vehicles? 

STUDY AND REPORT ORGANIZATION 
Accomplishment of t h e  objectives and investigation of the issues was done 

considering two basic combinations of mission models and launch systems. Phase I 

concerned itself with a mission model having 145 OTV flights during the 1995-2010 
timeframe (Revision 8 OTV mission model) and relied solely on the Space Shuttle for 
launching. Phase 2 considered a more ambitious model (Rev. 9) having 442 flights during 
the same time frame as wel l  as use of a large unmanned cargo launch vehicle and an 
advanced Space Shuttle (STS 11). 

The study is reported in nine separate volumes. Volume I presents an overview of 
the results and findings for the entire study. Volume 11 through VIII contains material 
associated only with the Phase I activity. Volume IX presents material unique to the 
Phase I1 activity. Phase I involved five quarters of the technical effort and one quarter 
was associated with the Phase 11 analyses. 

1.4 DOCUMENT CONTENT 
This document displays the Work Breakdown Structure (WBS) and describes the 

program, phase, and hardware elements. 

2 
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2.0 WORK BREAKDOWN STRUCTURE 

2.1 PROGRAM AND PHASE WBS 

The Work Breakdown Structure (WBS) for the overall Space Transportation System is 

summarized in Figure 2.1-1, showing major program elements. The Space Transportation 

System, as associated with the OTV program, consists of three major program elements: 

STS/SDV Launch Systems, Orbital Transfer Vehicle, and Space Station Accommodations. 

The WBS for these elements is shown in Figure 2.1-2. Each program element consists of 

three phases: DDT & E, Production, and Operations. Each phase is further broken down 

to major functions and subfunctions, as shown in Table 2.1-1. Subfunctions are at the 

WBS level 4. 

Cost estimates for the OTV program are presented in Volume VI. 

2.2 HARDWARE ELEMENT WBS 

Each major program element consists of separate hardware elements. Table 2.2-1 

includes the hardware element breakdown for the STS/SDV Launch System, Table 2.2-2 

gives the breakdown of the Orbital Transfer Vehicle, and Table 2.2-3 gives the 

breakdown for Space Station Accommodations. 

3 
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TABLE 2.1-1 TRANSPORTATION SYSTEM PHASE AND FUNCTIONAL W B S  

SPACE 
STATION 
ACCOMM. STS/SDV OTV 

PHASE 
FUNCTION 1000- 2000- 3000- 

SUB-FUNCTION 

1100 2100 3100 
1110 2110 3110 

3120 

DDThE 
Program Management 
Engineering 1120 2120 

2121 3121 1121 
2122 3122 1122 

3123 1123 2123 

2131 3131 1131 
2132 3132 1132 1133 2133 3133 

1141 - 2141 3141 

2151 3151 1151 
3152 

Systems Eng. 6 Integ. 
Design & Development 
Software Eng. 

Tooling & STE 
Ground Test Hdware 
Flight Test Hdware 

Systems Test Operations 

Operations Support 
Launch Support 

3130 1130 2130 Manufacturing 

1140 2140 3140 

1150 2150 3150 

Test 

Operations 

1152 2152 

PRODUCTION 
Program Management 
Engineering 

Manufacturing 

Systems Eng. h Integ. 
Design & Development 

Tooling & Ste. 
Flight Hardware 

OPERATIONS 
Operations Support 

Program Support 
Spares Procurement 
Ground-Based Mission Cont. 
Space-Based Mission Cont. 

Ground-Based Operations 
Space-Based Operations 
Propellant Operations 

Launch Support 

1200 
1210 
1220 
1221 
1222 

1231 
1232 

1230 

2200 
2210 
2220 
2221 
2222 

223 1 
2232 

2230 

3200 
3210 
3220 
3221 
3222 

3231 
3232 

3230 

1300 
1310 
1311 
1312 
1313 
1314 

1321 
1322 
1323 

1320 

2300 
2310 
2311 
23 12 
2313 
2314 

2321 
2322 
2323 

2320 

3300 
3310 
3311 
3312 
3313 
3314 

3321 
3322 
3323 

3320 

6 
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TABLE 2.2-1 S"S/SDV HARDWARE ELEMENT WBS 

HARDWARE ELEMENTS 

LAUNCH VEHICLE 
Integration 
Shuttle Vehicle System 
Prop. Tanker System 

Integration 
Tanker 
ASE 
Handling Equipment 

Propellant Scavenging System 
Aft Cargo Carrier System 

. FACILITIES 
Manufacturing 
Test 
Launch 
Mission 

ELEMENT NO. 

01-00-00 

0 1-01-00 

0 1-02-00 

01-03-00 

01-03-01 

01-03-02 

01-03-03 

01-03-04 

0 1-04-00 

0 1-05-00 

02-00-00 

02-01-00 

02-02-00 

02-03-00 

02-04-00 

7 
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TABLE 2.2-2 ORBITAL TRANSFER VEHICLE HARDWARE ELEMENT WBS 

HARDWARE ELEMENTS 
ORBITAL TRANSFER VEHICLE 

Vehicle Integration 
Stage 1 

Integration 
Structures 
Propellant Tanks 
Propulsion, Less Eng. 
Main Engines 
RCS 
G, N, ik C 

Commun. dc Data Handling 
Electric Power 
Thermal Control 
Aerobrake 
GSE 
ASE 
Space Support Equipment 
Propellants 
Auxiliary Tanks 

Stage 2 
Space Support Equipment 
P/L Clustering Str. 
Int erst age 
Kits 
GSE 
Soft ware 

FACILITIES 
Manufacturing 
Test 
Launch 
Mission 
Training 

ELEMENT NO. 
0 1-00-00 
01-01-00 
01-02-00 
01-02-01 
01-02-02 
0 1-02-03 
01-02-04 
01-02-05 
0 1-0 2-0 6 
0 1-02-07 
oi-02-08 
0 1-02-09 
0 1-02-10 
0 1-02-11 
01-02-12 
01-02-13 
01-02-14 
0 1-02-15 
01-02-16 
01-03-16 
0 1-04-00 
01-05-00 
01-06-00 
01-07-00 
01-08-00 
0 1-0 9-0 0 
02-00-00 
02-01-00 
02-02-00 
02-03-00 
02-04-00 
02-05-00 

8 
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TABLE 2.2-3 SPACE STATION ACCOMMODATIONS 

HARDWARE ELEMENT WBS 

HARDWARE ELEMENTS 
Space Station Additions and Modifications 

Independent Platform 
Station Modifications 

Hangar System 
OTV Hangar 
Auxiliary Tank Hangar 
Storage Provisions 

Propellant Supply System 
Fluid Storage and Transfer 
Gas Storage and Transfer 

Handling Equipment 

Service Equipment 

ELEMENT NO. 
0 1-0 0-00 

0 1-0 1-00 
01-02-00 

02-00-00 
02-01-00 
02-02-00 
02-03-00 

03-00-00 
03-01-00 
03-02-00 

04-00-00 

05-00-00 

St orage 06-00-00 

9 
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3.0 WBS DICTIONARY 

3.1 PROGRAM AND PHASE DICTIONARY 

Definitions for the top level WBS programs are presented in Table 3.1-1. Definitions 

for DDTdcE, production, and operations phases, with associated functions are given for  

the OTV program in Tables 3.1-2 through 3.1-4. Phase and functional definitions for  the 

STS/SDV element and Space Station accommodations element are  similar to those of the 

OTV element. 

3.2 HARDWARE ELEMENT DICTIONARY 

Definitions for the hardware elements of the three major programs are presented in 

Tables 3.2-1 through 3.2-3. Table 3.2-1 includes STS/SDV hardware elements. Table 3.2- 

2 includes OTV hardware elements, and Table 3.2-3 includes Space Station accommoda- 

@ tions hardware elements. 

11 
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